Background
==========

The *INPP5E* gene is located on q34.3 of chromosome 9 \[[@b1-medscimonit-24-2053]\], and encodes for the inositol polyphosphate-5-phosphatase E (INPP5E) protein \[[@b2-medscimonit-24-2053],[@b3-medscimonit-24-2053]\], a 72 kDa enzyme protein composed of 644 amino acids. The INPP5E protein is found in the neural cytoplasm, cytoskeleton, cilia axial filament, Golgi complex, Golgi membrane, peripheral membrane, and the internal aspect of the plasma membrane \[[@b4-medscimonit-24-2053]--[@b7-medscimonit-24-2053]\]. The INPP5E protein has a specific affinity for lipid substrates and no affinity for water-soluble inositol phosphates \[[@b4-medscimonit-24-2053]\]. Previous studies have shown that mutations in the*INPP5E* gene lead to neural malformations, including Behr syndrome and MORMS syndrome \[[@b5-medscimonit-24-2053],[@b8-medscimonit-24-2053],[@b9-medscimonit-24-2053]\]. Malformations induced by mutations in the*INPP5E* gene are characterized by mesencephalon-rhombencephalon (deuterencephalon) malformations, cilia abnormalities, retinal dystrophy, cystic renal disease, liver fibrosis, and polydactyly \[[@b10-medscimonit-24-2053]--[@b13-medscimonit-24-2053]\].

Cilia can be classified as primary or motile, based on their structure and functions \[[@b14-medscimonit-24-2053],[@b15-medscimonit-24-2053]\]. Primary cilia play an important role during the development of the nervous system \[[@b16-medscimonit-24-2053],[@b17-medscimonit-24-2053]\]. Structural and functional abnormalities of cilia are associated with malformations of the neural tube; other roles for cilia include movement, sensing extracellular stimuli and signal transduction of neural pathways \[[@b18-medscimonit-24-2053]--[@b20-medscimonit-24-2053]\]. There is evidence that vertebrate embryonic development relies on many signaling pathways that organize and control cellular structure and morphogenesis, with a critical role being the stability of primary cilia \[[@b16-medscimonit-24-2053],[@b21-medscimonit-24-2053]--[@b27-medscimonit-24-2053]\].

In mammals, the development of the nervous system has an organized and sequential course, and the occurrence of any abnormality in any part of the development cycle will affect the integrity of the mature nervous system \[[@b28-medscimonit-24-2053]--[@b30-medscimonit-24-2053]\]. Studies have shown that the phosphoinositide signaling pathway is associated with the stability of primary cilia, which plays a critical role in the closure of neural tube during neural development \[[@b22-medscimonit-24-2053],[@b24-medscimonit-24-2053],[@b26-medscimonit-24-2053]\]. The*INPP5E* gene is highly expressed in human and mouse brain, with one of the main functions of this gene in eukaryotes being to catalyze the eight members of the phosphoinositide family of phospholipids, PI, PI3P, PI4P, PI5P, PI(3,4)P2, PI(4,5)P2, PI(3,5)P2 and PI(3,4,5)P3, via the PI3K/Akt signaling pathway, regulating cell proliferation \[[@b31-medscimonit-24-2053],[@b32-medscimonit-24-2053]\]. Therefore, the INPP5E protein is not only the key enzyme in regulating the synthesis and metabolism of phosphatidylinositol biphosphate (PIP2), it is also a negative regulator of the PI3K/Akt signaling pathway \[[@b33-medscimonit-24-2053]--[@b35-medscimonit-24-2053]\]. Therefore, mutations in the*INPP5E* gene would lead to a decreased production of PI (3,4,5) P3 and/or PI (4,5) P2, which through the PI3K signaling pathway, would have a detrimental impact on cell proliferation and the stability of primary cilia, leading to ciliopathy, a genetic disease of primary cilia \[[@b36-medscimonit-24-2053],[@b37-medscimonit-24-2053]\]. Ciliopathy is a genetically heterogeneous group of diseases caused by cilia or matrix protein dysfunction, with clinical manifestations that mainly include cystic renal disease, osseous dysplasia, retinosis, mental retardation, and nervous system deformity. Therefore, it is possible to speculate that mutation in the*INPP5E* gene is related to the occurrence of NTDs.

The aim of this study was to use a mouse model of NTD to investigate the expression levels of the*INPP5E* gene during neural development and the occurrence of NTDs in mouse embryos. The study was undertaken to provide further information on the role of this gene in embryonic neural development and to provide experimental evidence that may provide information to support future studies on approaches to the treatment and prevention of NTDs.

Material and Methods
====================

Animals and treatment
---------------------

All the procedures and experiments were approved by Ethics Committee of the Capital Institute of Pediatrics (DWLL2016004). Specific pathogen free (SPF) level C57BL/6J mice, at the age of sexual maturity of 7--8 weeks, weighing 18--20 g (Academy of Military Medical Sciences, Beijing, China) were housed in animal rooms with constant temperature of 22±2°C, and humidity of 50±10%, and were given food and water *ad libitum*. Upon reaching the weight of 20 g, females were mated overnight (from 6: 00 p.m. to 6: 00 a.m.) with males and examined for the presence of vaginal plugs the following morning, as female mice with vaginal plugs were considered to be at gestational day (GD) 0.5 at 12: 00 a.m.

On GD 7.5, the control group was treated with 0.9% NaCl (0.1ml/10 g) by intraperitoneal injection. The treatment group was treated with an intraperitoneal injection of methotrexate (MTX) (Merck & Co. Inc., Whitehouse Station, NJ, USA) 4.5 mg/kg^−1^ \[[@b38-medscimonit-24-2053]\]. At GD 11.5, 13.5, and 15.5, pregnant mice were euthanized by cervical dislocation, and their embryos were examined under a dissecting microscope. Some embryos on GD 11.5 were fixed in cold neutral-buffered formalin for tissue processing, sectioning, and subsequent examination by light microscopy \[[@b39-medscimonit-24-2053]\]. Neural tissues of control embryos from one litter were isolated and pooled as control samples, and neural tissues of NTD mouse model embryos from another litter were isolated and pooled as embryonic development defect samples. All samples were frozen at −80°C.

Light microscopy and hematoxylin and eosin (H&E) staining
---------------------------------------------------------

The selected embryos were fixed in neutral-buffered formalin overnight, then dehydrated in graded solutions of alcohol, and embedded in paraffin wax by standard methods. Fixed tissue blocks were then cut into 5 mm-thick sections and stained with hematoxylin and eosin (H&E).

Western blot analysis
---------------------

The expression levels of the*INPP5E* gene at different time points were determined by Western blot analysis. Briefly, the extracted neural tissues from control and NTD mouse model embryos at GD 11.5, GD 13.5 and GD 15.5, respectively, were homogenized in CelLytic MT reagents (Sigma-Aldrich, St. Louis, MO, USA). The extracted protein levels were determined using the Bradford spectroscopic protein assay method. Protein extracts were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes (Thermo Scientific, \#88585), which was then sealed by 10% dried skimmed milk powder solution at room temperature for 1.5 h. The PVDF membranes were incubated overnight at 4°C, with the primary antibody to the INPP5E protein (1: 1000) (Santa Cruz Biotechnology), then incubated with the anti-mouse secondary antibody (1: 2000) (Santa Cruz Biotechnology) at room temperature for 2 h. Detection was performed with enhanced chemiluminescent (ECL) substrate (Thermo SuperSignal^TM^ West Pico), and the results were analyzed using a gel image processing system. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control.

Real-time (RT) fluorescence quantitative polymerase chain reaction (PCR)
------------------------------------------------------------------------

Real-time (RT) fluorescence quantitative polymerase chain reaction (PCR) was performed to detect the transcription levels of the*INPP5E* gene in the extracted neural tissues of the NTD mouse embryos and control embryos at GD 11.5, GD 13.5 and GD 15.5, respectively. RT-PCR was performed using the 7500 Fast Real-Time PCR System (Applied Biosystems), and primers were designed by Primer3.0 software. Each test was performed in triplicate using 20 μl of reaction mixture containing 10 μl of SYBR Premix DimerEraser™ (2×) (Perfect Real Time) (Applied Biosystems), 1.2 μl of 10 μM forward (0.6 μl) and reverse (0.6 μl) primers, 0.4 μl ROX Reference Dye (50×) (Thermo Fisher Scientific) and 2 μl of template. Sequence analysis and melting curve analysis were used to examine the specificity of the PCR product. Amplification was carried out according to the following three stages: (1) pre-degeneration at 95°C for 30 seconds, performed in duplicate; (2) PCR reaction at 95°C for 3 seconds; 55°C for 30 seconds; 72°C for 32 seconds; repeated 40 times; and (3) extension for 34 seconds.

Statistical analysis
--------------------

All data were expressed as the mean ± standard deviation (SD) and analyzed using one-factor ANOVA. *P*\<0.05 was set as the statistically significant level. The results of PCR were the means test performed in triplicate. Transcription levels of the control and NTD mouse model embryos were compared using two-tailed Student's t-test. All data were analyzed using SPSS version 21.0 (SPSS Inc., Chicago, IL, USA).

Results
=======

Neural tube defect (NTD) mouse model
------------------------------------

The gestational day (GD) 11.5 embryos were observed using stereoscopy ([Figure 1](#f1-medscimonit-24-2053){ref-type="fig"}). For the control embryos, the appearance was plump and smooth, and the forebrain, midbrain, and metencephalon primary brain vesicles were already developed. The appearance of the spine of the control embryos was complete with no cleft, otic vesicles and ocular vesicles were visible, and the tail was flexural and slender ([Figure 1A](#f1-medscimonit-24-2053){ref-type="fig"}). The hematoxylin and eosin (H&E) staining of the tissue sections on light microscopy, under ×40 magnification, showed that the neural tube was closed, the hindbrain was well developed, and the surrounding mesenchymal cells of the 4^th^ ventricle were homogeneously and densely distributed, with regular ventricular wall and smooth internal and external membranes of the neuroepithelium ([Figure 1B](#f1-medscimonit-24-2053){ref-type="fig"}).

The NTD mouse model embryos ([Figure 1C](#f1-medscimonit-24-2053){ref-type="fig"}) had open neural tubes in the hindbrain, and their neural tissue was exposed to the external environment with partial degeneration. Although the metencephalon vesicle in mice with exencephalia had developed, the thickness of ventricular walls varied. The cephalic plate of the hindbrain was not fused but was encased with one layer of amnia and mesenchyma ([Figure 1D](#f1-medscimonit-24-2053){ref-type="fig"}). Also, there were significant differences in the crown-rump length and body weight between the NTD mouse model embryos and the control embryos (4.35±0.37 *vs.* 6.39±0.53, *P*\<0.01; 9.59±3.79 *vs.* 22.39±3.33, *P*\<0.01) ([Table 1](#t1-medscimonit-24-2053){ref-type="table"}).

Expression levels of the*INPP5E* gene in neural tissues from control embryos
----------------------------------------------------------------------------

Western blot and real-time (RT) fluorescence quantitative polymerase chain reaction (PCR) were used to investigate the expression levels of the*INPP5E* gene in embryonic neural tissues at GD 11.5, GD 13.5 and GD 15.5 ([Figure 2A, 2B](#f2-medscimonit-24-2053){ref-type="fig"}), and quantitative analysis of the expression levels of genes was performed ([Figure 2C](#f2-medscimonit-24-2053){ref-type="fig"}). The results showed that there was a difference in the expression levels of the*INPP5E* gene at different time points during embryonic neurodevelopment. On GD 11.5 of neurodevelopment, the transcription of the*INPP5E* gene and expression levels were greater than that on GD 13.5, which was greater than that on GD 15.5. As the embryonic neural tissues developed and matured, the*INPP5E* gene transcription and translation levels showed a decreasing trend.

Expression levels of the INPP5E protein and*INPP5E* gene in neural tissues from the NTD mouse model embryos
-----------------------------------------------------------------------------------------------------------

Western blot was used to detect the expression level of INPP5E protein in neural tissues from GD 11.5, GD 13.5 and GD 15.5 ([Figure 2D, 2E](#f2-medscimonit-24-2053){ref-type="fig"}). RT-PCR was used for the quantitative analysis of the expression level of the*INPP5E* gene *i*n neural tissues from GD 11.5, GD 13.5 and GD 15.5 ([Figure 2F](#f2-medscimonit-24-2053){ref-type="fig"}). The results showed no signifcant difference between the expression levels and transcription levels of the*INPP5E* gene in NTD mouse model embryo neural tissues from different time points, compared with control tissues. As development progressed, there was no significant trend by which the transcription and translation levels of the*INPP5E* gene changed.

Comparison of expression levels of the*INPP5E* gene between neural tissues of the NTD mouse model embryos and the control mice
------------------------------------------------------------------------------------------------------------------------------

SPSS software was used for the systematic analysis of the expression levels of the*INPP5E* gene in the NTD mouse model embryos and the control mice. The mechanism of the*INPP5E* gene in embryonic neurodevelopment was explored preliminarily. The results showed that the expression levels of the*INPP5E* gene were significantly lower in the NTD mouse model embryos on GD 11.5, when the neural tube would have just closed; on GD 13.5 and GD 15.5, there was no significant difference in the expression levels of the*INPP5E* gene between the control and the NTD mouse model embryo ([Figure 3](#f3-medscimonit-24-2053){ref-type="fig"}).

Discussion
==========

The*INPP5E* gene regulates the activity of the phosphoinositide signaling pathway and is involved in embryonic neurodevelopment. In recent years, studies have also shown that the control of the expression of the*INPP5E* gene is critical to the stability of primary cilia, which affects the controlled closure of the neural tube \[[@b33-medscimonit-24-2053]--[@b35-medscimonit-24-2053]\].

Based on the control mouse model with normal neurodevelopment, the expression levels of the*INPP5E* gene would have been expected to be different at different time points. However, the expression levels of the*INPP5E* gene decreased as the embryo developed so that on (gestational day) GD 11.5 expression levels of the*INPP5E* gene were greater than on GD 13.5, which in turn was greater than that on GD 15.5. These results suggest that the*INPP5E* gene is involved in the development of the nervous system, particularly during the earlier stages. Embryos that were developed as early as GD 15.5, at the critical point when the neural tube closes, were obtained and studied. However, the role of the *INPP5E* gene during embryonic neurodevelopment prior to GD 11.5 was more difficult to examine but should be further studied. The results of this study also indicate that a higher level of expression of the*INPP5E* gene was required to regulate the closure of the neural tube at the early stage of neurodevelopment. However, to explain the gradual decrease of expression levels of the*INPP5E* gene later in development, further investigations still need to be done.

Expression levels of the*INPP5E* gene in the NTD mouse model neural tissue were also measured at different developmental time points, but no significant difference was found between them. In the NTD mouse model, the inherent dynamic change in the expression levels of the*INPP5E* gene disappeared, which is suggested to be associated with NTD embryonic neurodevelopment. Specifically, on GD 11.5, the expression levels of the*INPP5E* gene were not significantly greater than that at other time points, indicating this was a potential factor causing the failure of neural tube closure. But whether or not this finding was due to the effect of the*INPP5E* gene on the formation of primary cilia still needs to be explored.

The present study demonstrated a correlation between the*INPP5E* gene mutation and neural tube defects, which were the main manifestations of ciliopathies and are known to be associated with serious birth defects characterized by partial or complete deficiency of neural tube functions, thereby further affecting the course of neurodevelopment. With regard to the mechanism of the INPP5E protein, the currently accepted theory is that mutation of the*INPP5E* gene leads to a reduced production of PI (3, 4, 5) P3 and/or PI (4, 5) P2, which then, by altering the PI3K signaling pathway, could affect cell proliferation, survival, and apoptosis, as well as the stability of the primary cilia, thereby leading to hindbrain malformation and ciliopathies \[[@b36-medscimonit-24-2053],[@b40-medscimonit-24-2053],[@b41-medscimonit-24-2053]\].

This study found that the expression levels of the*INPP5E* gene in the NTD mouse model embryos were significantly lower than that of control embryos on GD 11.5, the precise time when the neural tube closes. But the levels were not significantly different between control embryos and the NTD mouse model embryos on GD 13.5 and GD 15.5. This result indicated that the decreased transcription and expression levels of the*INPP5E* gene might lead to a failure of neural tube closure in mice, causing NTDs.

The effect of the*INPP5E* gene on embryonic neurodevelopment was further investigated by interfering with the intracellular expression level of the*INPP5E* gene, then detecting the cellular amount of PI (3,4,5) P3 and/or PI (4,5) P2, as well as looking at the formation of the primary cilia. However, at the molecular level, how the levels of*INPP5E* gene expression affect the phosphoinositide signaling pathway, affects the formation of the primary cilia, and leads to failure of neural tube closure still needs to be studied further. Studies on the expression pattern of the*INPP5E* gene might offer a more detailed understanding of the molecular mechanism of embryonic neurodevelopment, and provide insight into potential future approaches leading to treatment for *INPP5E* gene-associated neurological developmental defects.

Conclusions
===========

Normal expression of the*INPP5E* gene regulates the closure of the neural tube during embryonic development in mice. The expression levels of the*INPP5E* gene in mice with abnormal neurodevelopment, the NTD mouse model embryos, were significantly lower compared with normal control mice, during the period of neural tube closure, suggesting that the decreased expression of this gene was closely associated with neural tube deformities. Future studies and an increased understanding the mechanisms by which the*INPP5E* gene regulates embryonic neurodevelopment would be beneficial for the advancement of therapeutic approaches to treat diseases associated with neurodevelopmental defects.
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![Morphological changes in the neural tube defect (NTD) mouse model, gestational day (GD) 11.5. (**A**) Control embryos viewed under the dissecting microscope. (**B**) Photomicrograph of the light microscopy of the hematoxylin and eosin (H&E)-stained section of control mouse embryonic hindbrain. (**C**) NTD mouse model embryos viewed under the dissecting microscope. (**D**) Photomicrograph of the light microscopy of the hematoxylin and eosin (H&E)-stained section of the NTD mouse model embryos. Slice site: \* fourth ventricle.](medscimonit-24-2053-g001){#f1-medscimonit-24-2053}

![*INPP5E* gene expression levels at different time points in the control mouse embryos and the neural tube defect (NTD) mouse model embryonic neural tissues at gestational days (GD) 11.5, 13.5, and15.5 days. (**A, B**) The expression levels of INPP5E protein in control embryos. (**C**) The transcription levels of the*INPP5E* gene in control embryos. (**D, E**) The expression levels of INPP5E protein in neural tube defect (NTD) mouse model embryos. (**F**) The transcription levels of the*INPP5E* gene in NTD mouse model embryos.](medscimonit-24-2053-g002){#f2-medscimonit-24-2053}

![Comparison of the expression levels of the *INPP5E* gene in the neural tissues of the control mouse embryos and the neural tube defect (NTD) mouse model embryos. (**A**) Comparison of INPP5E protein expression in the neural tissues of the control mouse embryos and the neural tube defect (NTD) mouse model embryos. (**B**) Comparison of the*INPP5E* gene transcription in the neural tissues of the control mouse embryos and the neural tube defect (NTD) mouse model embryos.](medscimonit-24-2053-g003){#f3-medscimonit-24-2053}

###### 

Effects of MTX on mouse embryos.

  Group             Litters *n*   Embryonic number *n*   Crown-rump length mm                                              Body weight mg
  ----------------- ------------- ---------------------- ----------------------------------------------------------------- -----------------------------------------------------------------
  Control           4             33                     6.39±0.53                                                         22.39±3.33
  MTX (4.5 mg/kg)   4             31                     4.35±0.37[\*\*](#tfn1-medscimonit-24-2053){ref-type="table-fn"}   9.59±3.79[\*\*](#tfn1-medscimonit-24-2053){ref-type="table-fn"}

*P*\<0.01 compared to the control group.
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